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PREFACE 


A  1.06  micron  ladar  test  bed  has  been  built  by  the  Electn>Optics  Branch  of  the 
Mission  Avionics  Division  at  Wright  Patterson  Air  Force  Base.  The  ladar  system  was 
built  with  in-house  research  fiinding  to  evaluate  experimental  ladar  devices  as  components 
of  a  lariar  system.  This  system  charaaerization  of  the  devices  can  reveal  undesirable 
properties  of  the  devices  early  in  the  devdopmoit  phase,  properties  that  might  not  be  seen 
in  a  device  characterization. 

The  Air  Force  Office  for  Scientific  lUsearch  (AFOSR)  fimded  initial  work  on  a 
rare-earth  doped  optical  fiber  preamplifier  by  Dr.  Richard  Kfiers,  Indiana 
University/Purdue  University  -  Fort  Wayne  (lUPU-FW).  The  goal  of  the  project  was  to 
investigate  the  eflfea  of  the  fiber  amplifier  on  ladar  sendtivity  by  incorporating  it  imo  the 
one  micron  ladar  test  bed.  In-house  research  monies  at  Wright  Laboratory  were  used  to 
provide  fiin^ng  for  a  University  of  Dayton  graduate  research  assistant,  who  was  hired 
through  a  contract  with  Technology/Scientific  Services  Incorporated  (T/SSI)  to  develop 
the  fiber  preamplifier  and  incorporate  it  into  the  ladar  test  bed.  This  thesis  is  the  resuh  of 
that  woric  effort. 
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CHAPTERI 


INTRODUCTION 

Electromagnetic  waves  have  been  used  for  communications  since  the  first  demonstration 
of  radio  was  made  by  Gugiielmo  Marconi  in  1895,  shortly  after  Heinrich  Hertz 
successfully  generated  and  detected  the  electromagnetic  waves  predicted  by  James  Clerk 
Maxwell.  Hertz  and  Marconi  generated  the  radio  waves  by  changing  the  current  in  a  wire 
over  time,  causing  the  wire  to  emit  electromagnetic  radiation.  The  wavelengths  Marconi 
used  represent  the  upper  end  of  the  electromagnetic  spectrum,  wdiich  can  be  divided  into 
radio  wavelengths  and  optical  wavelengths.  The  radio  wavelengths  range  fi’om  millimeters 
to  hundreds  of  kilometers  and  are  divided  into  microwave,  short-wave  radio  and  long¬ 
wave  radio  bands;  the  optical  wavelengths  range  fium  tens  of  nanometers  to  hundreds  of 
micrometers  and  are  divided  into  ultraviolet,  viable  and  infiiared  bands.  ^  Radio 
technology  pushed  towards  shorter  wavelengths  which  allow  larger  information 
bandwidths,  and  in  1935  the  German  Army  began  to  use  radio  for  military  communication 
systems.  Shortly  thereafter,  radio  waves  were  used  detect  and  track  aircraft.  This 
technology  was  given  the  acronym  of  RADAR,  which  stands  for  RAdio  Detection  And 
Eanging.  Radar  advanced  rapidly,  fueled  by  Worid  War  I  and  World  War  n.2 

A  new  method  of  generating  electromagnefic  radiafion  was  discovered  based  on 
the  quantum  theory  of  matter.  The  orbital  states  of  electrons  around  the  nucleus  of  atoms 
give  rise  to  radiation  energy  transfer  as  electrons  shift  enq'gy  levels.  In  1950  MASER 
(^crowave  Amplification  by  Stimulated  ^mission  of  Eadiation)  technology  was 
developed,  using  the  electron  energy  levels  in  materials  such  as  Ruby  to  generate 


dectromagnetic  waves  in  the  microwave  band.^  Ruby  was  then  pumped  optically,  which 
resulted  in  LASER  Amplification  by  Stimulated  Emission  of  Endiation)  technology. 
This  gave  coherent  dectromagnetic  radiation  at  optical  wavdengths  with  uniform 
wavefionts,  making  optical  detection  and  ranging  possible.  Detection  and  ranging  with  a 
laser  was  initially  designated  as  LIDAR  (Light  Detection  And  Ranging),  where  it  was 
understood  that  the  source  was  a  laser.  Over  time,  another  acronym  for  laser  sources  has 
become  prominent,  LADAR  (LAser  Detection  And  Ean^g),  although  both  acronyms  are 
still  used.2 

Ladar  and  radar  systems  have  different  performance  properties,  and  both  have 
advantages  and  disadvantages  in  certain  areas.  The  primary  differences  between  the  two 
systems  are  due  to  the  nature  of  the  emitting  process  and  the  different  wavelengths.  The 
efficiency  of  a  ladar  source  is  much  lower  than  that  of  a  radar  source  because  of  the 
inefficiency  in  obtaining  ladar  transmitter  energy  by  quantum  mechanical  means.  The 
wavelength  dependence  of  ladar  and  radar  performance  results  in  a  tradeoff  between 
transmission  and  resolution  properties.  The  long  wavelengths  of  radar  allow  high 
transmission  through  the  atmosphere,  even  whm  heavily  cluttered  with  pollutants,  rain,  or 
other  particles.  Due  to  the  long  wavelengths,  however,  a  radar  system  has  very  low 
angular  resolution.  On  the  contrary,  ladar  wavdengths  suffer  fi-om  atmospheric 
attenuation  due  to  light  absorption  by  the  atmosphere  and  light  scattering  off  the 
particles,^  but  the  low  wavelengths  result  in  high  angular  resolution  and  high  information 
bandwidths.  The  combiiution  of  a  ladar  system  and  a  radar  system  can  be  used  to  obtain 
an  optunal  amount  of  information,  but  the  development  of  ladar  technology  is  fer  behind 
the  radar  technology.^ 

Ladar  systems  have  unique  applications  due  to  some  of  the  properties  already 
mentioned.  Remote  sensing  of  the  atmosphere  is  an  obvious  choice  because  of  its  ability 
to  "see"  particles  in  the  atmosphere.  Ladar  can  be  used  to  track  wind  patterns  such  as 


weathn'  phenomena  and  turbulence  resulting  fixnn  aircraft  traffic.^>^>^>^  Pollution 
monitoring  is  another  use,  resulting  from  the  optical  wavdength  d>sorption  properties  of 
particles  in  the  air.  Some  pollutants  will  absorb  certain  wavdengths  and  reemit  a 
spectroscopic  signature,  allowing  contaminants  to  be  identified  and  monitored  remotdy. 
The  angular  resolution  and  rarige  information  c^iabilities  of  ladar  lend  it  to  a  wide  variety 
of  rangefinding,  tracking  and  targeting  applications,  many  of  which  are  in  remote  military 
and  space  based  systems.  11>12,13,14  Kfilhary  and  q>ace  based  applications  create 
restrictions  on  ladar  systems,  particularly  the  laser  transmitters. 

Ladar  technology  has  advanced  rapidly  over  the  years,  fuded  by  the  continual 
development  of  laser  sources.  The  most  advanced  sources  for  ladar  use  gases  as  a  lasing 
medium,  but  these  sources  are  large  and  heavy,  and  they  have  a  limited  lifetime  as  the  gas 
is  slowly  consumed  as  a  result  of  the  lasing  process.  Solid  state  lasers  are  more  reliable, 
more  compact  and  have  longer  lifetimes  than  other  sources,  but  are  less  technologically 
developed.  For  the  remote  applications  mentioned  previously,  these  advantages  are  vitally 
important,  and  a  large  amount  of  research  is  currently  underway  to  bring  solid  state  lasers 
to  the  maturity  level  of  the  gas  sources.  15,16,17 

Current  solid  state  laser  radar  wavdengths  include  1.06  pm  (Nd:YAG)  and 
recently  2.09  pm  (Cr,Tm,Ho;YAG),  where  the  parentheticd  information  indicates  the 
composition  of  the  respective  laser  materials.!^  These  solid  state  systems  are  more 
effident,  have  loiter  operating  lifetimes,  and  are  more  compact  and  light  wdght  than  the 
coimnon  CO2  ladar,  wduch  is  representative  of  mature  ladar  systems  with  gas  sources.  1^ 
One  of  the  most  important  charactmistics  of  any  ladar  system  is  its  sensitivity.  One 
method  of  increasing  the  sensitivity  of  a  remote  sensing  device,  such  as  a  ladar  system,  is 
to  optically  amplify  the  return  signal  before  detection.  Rare  earth  doped  optical  fiber 
preamplifiers,  highly  developed  by  the  communication  industry,  offer  a  compact  and 
lightwdght  opticd  preamplifier  for  integration  into  a  solid  state  ladar  system.  The  primary 
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fiber  amplifiers  developed  by  the  tdecooununicatiim  industry  are  constructed  using 
praseodymium  and  erbium  doped  fibers,  for  amplification  at  1.3  miorons  and  l.SS  microns 
respectively. Unfortunatdy,  these  doped  fibers  will  not  amplify  the  return  signal 
fiom  a  1.064  or  2.09  micron  ladar  system.  Neodymium  doped  (Nd^*^  optical  fibers, 
however,  have  beat  developed  for  use  as  laser  sources.^^>^^  These  fibers  are  primarily 
made  into  fiber  lasers  by  coating  or  polishing  the  fiber  ends  to  create  a  cavity.  By 
combining  the  Nd^*^  fibers  used  for  fiber  lasers  and  the  concept  of  a  fiber  amplifier  fi^om 
telecommunications,  an  optical  fiber  amplifier  can  be  developed  and  incorporated  imo  a 
1.064  micron  ladar  system,  wduch  represents  mature  solid  state  ladar  technology. 

When  a  fiber  amplifier  is  added  to  a  ladar  recover,  the  return  sigiud  is  increased  by 
a  power  gain  foctor.  However,  spontaneous  emission  fi-om  the  fiber  amplifier  adds  an 
optical  noise  to  the  receiver,  so  the  benefit  of  the  amplified  return  agnal  must  be  weighed 
against  the  increased  noise. 

Direct  detection  ladar  systems  operating  at  near  infin-red  wavelengths  are  limited 
by  the  noise  generated  by  the  detection  electronics.  In  a  simple,  inexpensive  system,  these 
noises  can  be  quite  large.  Whoi  the  noise  added  by  die  fiber  amplifier  spontaneous 
emission  does  not  have  a  significant  impact  on  the  overall  noise  of  the  ^ston,  a  large 
increase  in  direct  detection  sensitivity  is  achieved  by  adding  the  fiber  amplifier,  as  we  will 
diow  later. 

For  heterodyne  detection,  a  large  local  oscillator  ^O)  power  is  mixed  with  the 
return  signal  in  order  to  ensure  that  the  detection  is  LO  shot  noise  limited.  In  this  case, 
the  spontaneous  emission  directly  increases  the  shot  noise.  Also,  the  beat  noise  term 
between  the  spontaneous  emission  and  the  large  LO  has  a  strong  inqiact  on  the  noise  level. 
Overall,  the  sensitivity  of  a  heterodyne  ladar  system  will  be  shown  not  to  increase  as 
dramatically  with  the  addition  of  a  fiber  amplifier  as  the  direct  detection  scheme. 


In  Chapter  2  a  description  of  the  ladar  system  is  given,  and  the  ejqserimeiital  setup 
used  to  incorporate  the  fiber  amfdifier  into  die  system  is  discussed.  Chapters  3  and  4 
agnal  to  noise  ratio  (SNR)  equations  are  derived  fi^r  direct  detection  ^  heterodyne 
detection,  respectivety.  The  SNR  equations  for  detectiori  with  and  withmit  die  fiber 
amplifier  are  used  in  each  chapter  to  plot  SNR  vs.  return  signal  power  to  give  a  measure 
of  the  sensitivity  improvement  fisr  each  case.  The  SNR  equations  fiom  Cluq>ters  3  and  4 
are  also  used  in  Chapter  5  to  predict  eq)erimental  SNR  improvements.  E}q)erimental 
results  are  presented  in  Oapter  6,  and  Chiqjter  7  contains  a  summary  and  proposals  for 
future  experiments. 


CHAPTERn 
LADAR  SYSTEM 

This  chapter  provides  an  overview  of  the  test  bed  ladar  system,  fi>cusing  on  some  aspects 
of  the  design  that  impacted  the  experimental  work.  Figures  1  and  4  show  the  ladar  system 
layout  for  direct  detection  (Figure  1)  and  hetvodyne  detection  (Figure  4)  with  the  fiber 
amplifier  inserted. 


2.1  Direct  Detection  System 

For  the  direct  detection  system,  shown  in  Figure  1,  a  Nd.YAG  laser.  Lightwave 
Electronics  modd  12(M)3,  provides  40  milliwatts  of  linearly  polarized  output  at  1.064 
microns.  The  laser  ou^  passes  throu^  an  Electro-Optics  Technology  model  1S4S-S 
Faraday  optical  isolator  to  prevent  backscatter  from  other  optical  conqxinents  in  the 
system  from  reemering  the  laser  head.  The  beam  then  passes  through  a  variable  ratio 
attenuator  (VRA)  consisting  of  a  half  wave  plate  in  a  rotatable  stage  and  a  polarizii^ 
beamsplitter  cube.  As  will  be  described  in  detail  later,  this  is  used  to  reduce  the 
transmitted  optical  power  to  levds  appropriate  for  the  targets  we  have  used.  Also  note 
that  as  the  photodetector  we  diose  to  use  is  AC  coupled,  the  beam  is  nuxfailated  by  a 
Laser  Precision  modd  CTX-534  chopper  operating  at  2  kHz. 

After  pasarig  through  the  VRA,  the  beam  passes  throu^  a  transmit/receive  (T/R) 
sw/rcA,  consisting  of  a  polarizing  beamsplitter  cube  and  m  Electro-Optics  Technology 
modd  184S-S  Fanuiay  optical  rotator  used  to  rotate  the  outing  beam  polarization  by  45 
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degrees.  The  beam  then  traveb  to  the  target,  after  whidi  Ae  backscattered  optical  return 
signal  received  from  the  target  is  rotated  an  additional  45  dq;rees  by  the  optical  rotator. 
The  polarization  of  the  recdved  signal  Mgbt  is  thus  perpendicular  to  the  original  outgoing 
light  and  is  reflected  by  the  polarizing  beam^ditter  cube  into  the  return  signal  leg. 
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FIGURE  1:  Direct  Detection  Ladar  Systmn.  This  figure  diows  the 
1.064  micron  ladar  in  its  direct  detection  configuration.  The  variable  ratio 
attenuator  is  outlined,  and  the  fiber  amplifier  is  shown  inserted  into  the 
return  agnal  leg. 


The  return  signal  from  the  target  then  passes  through  a  dichroic  mirror  and  is 
coupled  into  the  core  of  a  Rutgers  University  Nd^'*'  doped  optical  fiber,  whost  double 
cladding  configuration  is  shown  in  Figure  2,^^  while  pump  li^  from  a  laser  diode  is 
simultaneously  reflected  off  the  dichroic  mirror  and  coupled  into  the  rectangular  inner 
cladding  of  the  doped  fiber. 
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FIGURE  2:  Geometry  of  the  Rutgers  Neodymium  Doped  Fiber.  The 
double  cladding  geometry  of  the  Rutgm  fiber  is  shown  h^e.  The  unusual 
rectangular  inner  cladding  of  the  fiber  is  used  to  couple  the  pump  light 
fi-om  a  laser  diode  imo  the  fiber. 


Figure  3  shows  in  detail  the  setup  used  to  couple  the  return  signal  and  the  pump  light  into 
the  fiber  amplifier.  The  laser  diode  used  to  pump  the  fiber  is  a  Laser  Diode 
Incorporated  model  LDT  26010  laser  diode  with  an  808.4  nanometer,  SOO  milliwatt  CW 
output  and  a  buUt  in  Thermo-Electric  (TE)  coolo*.  The  TE  cooler  acts  as  a  heat  pump, 
which  cools  the  laser  diode  emitter  and  decreases  the  output  wavelength,  allowing  the 
wavelength  to  be  tuned  over  a  small  range.  The  TE  cooler  shifts  the  wavelength  of  the 
laser  diode  to  the  peak  absorption  of  the  neodymium  doped  fiber,  given  to  be  80S 
nanometers  by  Rutgers  University.  To  nuuntain  constant  operating  conditions,  a 
thermistor  monitors  the  temperature  and  stabilizes  the  output  powo*  and  wavelength  by 
using  a  feedback  loop  to  vary  the  current  to  the  TE  cooler. 

A  grin  rod  lens  fi’om  a  Newport  F-GRKl  graded-index  rod  lens  kit  minimizes  the 
divergence  of  the  .output  beam  firom  the  laser  diode.  As  seen  in  Figure  3,  the  return  signal 
and  pump  light  are  combined  using  a  dichroic  mirror,  which  transmits  the  1.064  micron 
return  signal  and  reflects  the  80S  nanometer  pump  light.  The  two  combined  beams  are 
coupled  into  the  fiber  simultaneously  using  a  Newport  F-IOIS  high  precision  single  mode 
fiber  coupler.  As  the  pump  light  travels  through  the  fiber  h  passes  through  the  core  and 
creates  a  population  inversion  in  the  rare  earth  dopant,  causing  the  return  signal  to  be 
amplified  as  it  passes  through  the  core.  Note  that  due  to  typically  small  return  signals,  the 


•... . . . .  » . -f _ •  • 


i 


• _ • 


Sbcr  amplifier  is  operated  in  the  small  sign^  regime.  Thus,  spontaneous  ennssion  fi’om  the 
upper  lasing  levd  is  added  to  the  ampKfied  return,  s^nal.  We  will  see  the  eflbcts  of  this 
spemtaneous  emission  power  later. 
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figure  3:  Fiber  Amplifier  Pnmp  Schone.  A  didiroic  mirror  is  used 
to  couple  the  pump  li^t  and  the  return  signal  li^  into  the  d(^>ed  fiber. 
The  pump  is  a  laser  diode  operating  at  805  nanometers,  with  a  (%IN  lens 
used  to  minimize  the  divergence.  A  fbur  naimmeter  bandpass  filter  is 
inserted  foUowing  the  fibo-  amplifier  to  block  excess  pump  light  and  to 
minimize  the  effects  of  spontaneous  mnission.  The  output  of  the  bandpass 
filter  is  connected  either  to  an  evanescent  wave  coupler  for  heterodyne 
detection  (see  Figure  4)  or  directly  to  the  detector  for  direct  detection  (see 
Rgure  1). 


To  couple  the  amplified  return  signal  mit  of  the  fiber  amplifier,  thoe  is  a  single 
mode  AT&T  ST  type  coiuiector  at  the  end  of  the  fiber  amplifier.  The  double  dadding 
geometry  of  the  doped  fiber,  however,  resulted  in  severe  misalignment  of  the  angle  mode 


core  within  die  ST  ctmnector  v^ch  is  designed  for  standard  drcuiar  125  micron  dUmeter 
fibers.  The  buffer  on  the  Rutgers  fiber  is  made  of  a  hard  polymer,  tvhile  the  125  micron 
outer  cladding  of  the  fiber,  i^ch  would  fit  into  the  connector  snu^,  is  made  of  a  soft 
polymer,  (see  Figure  2)  Several  attempts  were  made  to  remove  the  buffer  without 
stripping  off  the  outer  cladding,  though  all  were  unsuccessful.  With  the  buffer  and  outer 
cladding  removed,  only  the  rectangular  inner  dadding  and  core  are  left  for  insertion  into 
the  connector,  making  h  very  difScuh  to  align  the  core  at  the  center  of  the  connector. 
Thus,  in  order  to  couple  the  light  out  of  the  fiber  amplifier  and  into  another,  non-doped, 
single  mode  fiber,  the  ST  connector  on  the  non-doped  fiber  was  placed  into  a  fixed  mount. 
The  coimecfor  on  the  end  of  the  fiber  amplifier  was  then  fixed  to  a  Newport  three  axis 
positioner,  and  index  matching  gel  was  used  to  provide  good  coupling  between  the  fibers 
as  the  podtioner  was  used  to  manually  align  the  two  cores.  The  resulting  coupling  ratios 
were  consistently  greater  than  75  percent,  allowing  enough  throughput  power  for 
experimental  data  to  be  taken. 

The  power  coupled  out  of  the  fiber  amplifier  at  this  point  includes  the  amplified 
return  agnal,  broadband  spontaneous  emisson  power  and  any  unabsoibed  pump  power. 
A  four  nanometer  optical  bandpass  filter,  centered  at  1.064  microns,  is  used  to  diminate 
the  excess  pump  light  (at  850  nm),  as  wdl  as  any  spontaneous  emission  power  outside  of 
the  1.064  ±  .002  micron  wavdength  range. 

The  total  optical  loss  following  the  Sbtr  amplifier  for  direct  detection  effects  the 
amplified  signal  and  the  q^mtaneous  emisdon.  The  two  losses  in  the  direct  detection 
system  are  the  air  splice  loss  and  the  bandpass  filter  transmisdon  loss,  each  contributing 
approximately  twenty  five  percem.  The  total  optical  transmisdon  of  the  direct  detection 
system  is  thus  ilopt,d  ^  (1-0.25)^  -  0.56.  After  the  optical  filter,  the  light  is  then  coupled 
into  a  multimode  fiber  pigtailed  to  the  InGaAs  PIN  detector  package,  from  >^ch  the 
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ou^t  is  amplified  and  measured  with  a  spectrum  analyzer.  The  anqdtfication  and 
detection  electronics  are  detailed  in  the  next  chapter. 

Heterodyne  Detection  System 

For  the  heterodyne  detection  scheme  shown  in  Figure  4,  the  Li^itwave  Electronics 
laser  provides  both  the  local  oscillator  power  and  the  power  for  the  transmitted  signal.  A 
half  wave  plate  and  polarizing  beamsplitter  cube  are  used  as  a  Variable  Ratio  Splitter  to 
vary  the  amount  of  power  split  into  the  local  oscillator  1^.  The  local  oscillator  is  then 
fi’equency  shifted  200  MHz  by  a  model  AQS-2002A1  acousto^ptic  modulator  (AOM) 
fi’om  Intra-Action  Corporation.  The  unshifted  zero  order  beam  out  of  the  AOM  is 
blocked  with  a  beam  dump  to  minimize  stray  reflections  in  the  system.  The  frequency 
shifted  first  order  is  then  coupled  into  a  sin^e  mode  fiber  leading  to  an  evanescent  wave 
coupler,  which  couples  10  percent  of  the  local  osdllator  power  into  the  output  fiber 
leading  to  the  photo-detection  circuitry. 

Laser  power  not  split  into  the  local  oscillator  path  passes  through  the  T/R  switch 
and  is  reflected  off  the  target.  The  somewhat  depolarized  retum^^  firom  the  target  passes 
through  the  T/R  switch  again,  i^ch  directs  a  linearly  polarized  portion  imo  file  sgnal  leg. 
The  light  reflected  into  the  agnal  leg  passes  through  a  didiroic  mirror  and  is  coupled  into 
the  fiber  amplifier  along  with  the  pump  light  from  ftw  laser  diode,  as  discussed  previously. 
The  air  splice  is  once  again  used  to  couple  the  power  firom  the  fiber  amplifiCT  into  the  non- 
doped  angle  mode  fiber  leadii^  to  the  fim  space  fibor  to  fiber  coupler,  where  the  four 
nanometer  band  pass  filter  is  inserted  into  the  beam  path.  The  optically  fihered  power  is 
now  coupled  into  the  fiber  leading  to  the  evanescent  wave  couplv,  where  ninety  percent  is 
coupled  imo  the  output  fiber. 
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FIGURE  4:  Heterodyne  Detection  Ledar  System.  This,  figure  shows 

the  1.064  micron  ladar  in  its  heterodyne  detection  configuration.  The  local  •  #  ( 

oscillator  flitter  is  outlined,  and  the  fiber  amplifier  is  shown  inserted  into 
the  return  tignal  1^. 

The  total  optical  loss  following  the  fiber  amplifier  for  heterodyne  detection  also  ^  ^ 

affects  the  amplified  signal  and  the  spontaneous  emission:  The  three  losses  in  the 
heterodyne  detection  system  are  the  air  splice  loss,  the  bandpass  filter  transmission  loss 

and  the  coupling  loss  of  the  evanescent  wave  coupler.  Agun,  the  splice  and  filter  each  •  ( 

contribute  a  loss  of  ^proximately  twoity  five  percent,  while  the  coupler  adds  a  loss  of  ten 
percent  to  the  heterodyne  case.  The  total  optical  transmission  of  the  heterodyne  detection 

system  after  the  fiber  amplifier  is  thus  iiopt,h  ~  (1-0.25)^  x  0.9  -  O.Sl.  The  combined  •  < 

signal,  local  oscillator  and  spontaneous  emistion  powers  are  then  coupled  into  the 
multimode  fiber  pigtailed  to  the  detection  electronics,  where  an  intermediate  frequency 

(IF)  signal  at  200  MHz  is  generated  during  the  photo-detection  process.  For  heterodyne  •  i 

detection,  the  detector  and  electronics  are  detailed  in  Chapter  4. 
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With  the  ^stem  configuraticms  tlnu  established,  the  next  issiw  became  determining 
the  targets  necessary  to  give  measurable  return  signals  for  eadi  detection  scheme. 
Different  targets  are  required  for  the  two  detection  sdiemes  because  of  the  inherent 
diffidences  in  the  detection  techniques.  During  direct  detection  the  return  signal  is  not 
mixed  with  a  large  local  oscillator  as  it  is  in  the  heterodyne  case.  In  order  to  generate  a 
measurable  return  ngnal,  a  mirror  /  glint  target  is  used  as  the  direct  detection  target.  The 
variable  ratio  attenuator  (VRA)  discussed  previously  (see  Figure  1)  is  then  used  to  vary 
the  transmitted,  and  thus  the  received,  optical  power.  By  uang  the  VRA  in  this  feshion, 
the  strength  of  the  return  signal  can  be  adjusted  until  it  is  just  visible  above  the  noise,  with 
the  fiber  amplifier  not  in  operation.  When  the  amplifier  is  turned  on  then,  the  resulting 
ratio  of  signal  to  noise  powers  yields  a  direct  measurement  of  SNR  improvement  for  the 
direct  detection  case. 

For  the  heterodyne  detection  case,  the  large  local  osdllator  power  mixes  with  the 
return  signal  power  to  create  the  IF  tignal,  thus  allowing  a  diffiise/speckle  target  to  be 
used.  The  driver  for  the  acousto-optic  modulator,  however,  radiates  an  electric  field  at 
the  desired  200  MHz  IF  rignal  fi-equency.  As  this  field  tends  to  be  picked  up  by  the 
detection  drcuhiy,  resulting  in  a  noise  ^ike  on  the  spectrum  analyzer  which  drowns  out 
the  IF  signal  at  200  MHz,  the  diffuse  target  was  mounted  on  a  motorized  linear  translation 
stage,  thus  causing  a  small  Doppler  shifting  of  the  IF  rignal  away  from  the  200  MHz  noise 
spike.  More  specifically,  the  moving  diffuse  target  consisted  of  a  piece  of  flame  sprayed 
aluminum,  tilted  at  45  d^rees  and  translated  paralld  to  the  beam  path  by  a  variable  speed 
micrometer. 

In  the  preliminaiy  preparations  to  take  measurements  verifying  the  results  of  these 
theoretical  comparisons,  it  is  important  to  realize  that  the  neodymium  dopant  of  the  fibo* 
has  a  four  level  lasing  schente.  Therefore,  with  the  laser  diode  punq>  light  blocked,  the 


return  signal  will  pass  through  the  fiber  unamplified  and  with  no  loss  due  to  signal 
absorption.  This  eliminates  any  need  to  physically  remove  the  fiber  amplifier  fi-om  the 
system  to  make  the  agnal  to  noise  ratio  comparison  measurements.  The  signd-to-noise 
ratio  equations  in  the  following  two  chapters  are  developed  with  the  goal  of  comparing 
detection  sensitivity  of  a  ladar  system  without  and  with  a  fiber  amplifier. 


CHAFTERm 

SIGNAL  TO  NOISE  RATIO  TBEORY  FOR  DIRECT  DETECTION 


The  signal  to  noise  ratio  (SNR)  is  defined  to  be  the  ratio  of  the  signal  power  to  the  noise 
power.  This  section  provides  a  theoretical  analysis  of  the  overall  post  detection  electronic 
SNR  for  the  ladar  testbed  in  a  direct  detection  configuration,  considering  detection  both 
with  and  without  a  fiber  amplifier.  The  analysis  begins  with  a  discussion  of  the  optical 
power  incident  on  the  detector  and  follows  with  a  derivation  of  the  signal  and  noise 
voltages  after  the  detection  dectronics. 

3.1  Direct  Detection  Without  the  Fiber  Amplifier 

For  a  direct  detection  scheme,  the  outgoing  continuous  wave  laser  power  must  be 
modulated  so  the  signal  current  can  be  AC  coupled  into  the  post  detection  dectronics. 
The  optical  chopper  used  to  modulate  the  beam  results  in  a  2  kHz  square  wave  return 
signal  Figure  S  shows  the  dectronics  between  the  detector  and  the  q>ecmim  analyzer, 
which  is  used  to  measure  the  SNR  The  detector  is  a  Laseitron  QDFT-2S0-301  pinFET 
detector  package,  with  a  multi-mode  fiber  pigtail.  The  photodetector  is  saturated  at  220 
microwatts  of  power  and  has  a  bandwidth  of  2S0  MHz.  The  package  includes  an 
int^rated  current  to  voltage  preamplifier  with  a  transimpedance  of  5.9  kfl.  The  detector 
package  is  terminated  with  a  975  load  as  a  precautionary  measure,  as  recommended  by 
the  mainifiicturer,  and  is  then  AC  coupled  to  an  dectronic  amplifier.  For  (firect  detection, 

the  electronic  amplifier  is  an  Analog  Modules  324A-3-B  voltage  anqdifier  with  an  input 
impedance  of  =  R,=  IMSl,  a  voltage  gain  g  =  g.  =  1000  aiKl  an  amplification 
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bandwidth  from  200  Hz  to  3S  MHz.  The  amplified  voltage  is  then  connected  to  the  SO  • 

Ohm  input  of  a  Tektronix  49SP  ^;>ectnim  analyzer  whose  resolution  bandwidth  has  been 
set  to  10  Hz. 


FIGURE  5:  Detection  Electronics.  The  detection  electronics  for  the  • 

ladar  system  are  shown  here.  The  Lasertron  detector  package  includes  the 

photodetector  and  a  current  to  voltage  amplifier.  A  safety  load  of  975 

Ohms  is  used  to  terminate  the  detector  package.  An  electronic  amplifier  is 

used  to  boost  the  voltage  into  the  spectrum  analyzer  used  to  measure  the 

signal  to  noise  ratio.  • 

The  agnal  current  from  the  detector,  at  node  A  on  Figure  S  is  given  by 


<V=«P,[sqr(2;^)]  ,  (1) 


vdiere  9{  =  .704  AAV  is  the  re^ponsivity  of  the  detector  package,  Pr  is  defined  to  be  the 
optical  return  agnal  power  incident  on  the  detector,  and  the  square  wave  fimction  (sqr)  in 
Equation  1  represems  a  50%  duty  cycle  positive  square  wave  function  (i.e.  values  of  only 
zxxo  and  one).  The  signal  voltage  V,.  just  after  the  integrated  preamplifier  (at  node  B  on 
Figure  5)  is  then 
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=  np,R^[ns[{2]0)\ 


(2) 


where  «  S.9  kOhm  is  the  transn^>edence  of  the  preamplifier.  The  voltage  is  then 
amplified  by  the  Analog  Modules  amplifier  to  yidd  a  voltage  d  no<te  D  of 


=  «.9l/»,J^[sqr(2;5^)] 


(3) 


where  due  to  the  large  iiqnit  impedance  of  the  Analog  Modules  amplifier,  there  is  no 

appreciable  voltage  drop  across  the  975  Ohm  series  resistance.  The  signal  power,  F,,,  • 

seen  by  the  spectrum  analyzer  centered  at  2  kHz  is  then 


i  .1  •"  ~ 


(4) 


where  =  SOO  is  the  input  impedance  of  the  spectrum  analyzer. 

The  total  noise  fi^om  the  detector  consists  of  shot  noise  firom  the  optical  return 
signal  power  on  the  detector,  dark  current  noise  and  thermal  noise.  The  well  known 

equations  for  these  ndse  components,  ^en  as  mean  squared  noise  currents,  are 
)  =  2eB,(i,),  and  (i/)  =  AkBJfR^ ,  respectivdy,  wlwe  e  is  the  basic 

electronic  charge,  B,  is  the  dectronic  bandwidth  of  the  detector,  is  the  detector  daric 

current,  it  is  the  Boltzmann  constant,  7  is  the  tenq)erature  in  d^rees  Kdvin  and 
(/,)  =  91/J/2  is  the  average  signd  current  fi-om  Equation  i  26,27,28 
The  total  mean  squared  detector  noise, is  then 


H 


I 


thus  yiddmg  an  average  dtetector  lu^  current  at  node  A  of 


Calculating  the  amplified  voltage,  K  ,  at  node  D  yidds 


y^=islL^-J(i7) 

= *,JU,  ^2 


The  dectrical  noise  power  seen  by  the  spectrum  analyzR*  is  thus 


Note,  though,  that  the  noise  power  toms  used  in  dermng  Equation  8  are  white  noises  in 
nature,  so  the  power  is  equally  spread  across  the  fiill  dectrical  bandwidth  B,.  The 

spectrum  andyzer  noise  power  of  Equation  8  is  thus  displayed  as  equally  divided  among 
the  bandwidth  intervals  defined  by  the  spectrum  andyzer  resolution  bandwidth,  Jv  =  10 
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Hz.  The  actual  nc^  power  levd  diq^ayed  by  die  qiectium  amlyzer,  is  then 
oteained  by  reph^ing  B,  with  inEquatioo  8,  yiddtng 


+2e(^v)/,  +^^^1 

_  k  _  ) 


(9) 


The  noise  power  into  the  spectnim  analyzer,  however,  is  equal  to  the  (tetector  noises  phis 
the  excess  noise  added  by  the  Analog  Modules  electronic  antidifier.  This  noise  was 
measured  by  disconnecting  the  detector  padcage  from  the  anqilifier  and  measuring  the 
noise  levd  on  die  spectrum  analyzer  due  to  the  amplifier  alone.  The  total  noise  power, 
Tf^,  is  then  found  by  adding  this  measured  vahie,  F^  -57  dBm  (2  nW),  to  the  noise  in 
Equation  9,  giving 


- - - Sss^+j.oxio-’w  (lo) 


Using  Equations  4  and  10,  the  direct  detection  SNR  equation  without  die  fiber  amplifier  in 
place  is 


SNR 


Sr,wlo 


-Ll-. 


^2eiSy)j,  +  .2.0xl0"»lF 


(11) 


A  usefiil  measure  of  detection  sensitivity  can  be  obuuned  by  plottirtg  the  SNR  from 
Equation  11  as  a  function  of  the  return  signal  power,  P„  as  shown  in  Figure  6.  A 
summary  of  the  variables  used  in  Equation  1 1  is  ^ven  by  Table  1. 


I 


A 


FIGURE  6:  Direct  Detection  Signal  to  Noise  Ratio  vs.  Return  S^nal 
Powo*  for  Detection  Without  the  Flbo*  Preamplifin*.  Thu  figure  shows 
the  signal  to  noise  ratio  as  a  fimetion  of  return  signal  power  for  direct 
detection  without  the  fiber  arapMer  (see  Equation  1 1).  The  foreshold 
SNR  of  6  is  defined  to  be  the  SNR  required  to  discern  a  signal  above  the 
noise.  A  return  signal  power  of  0.263  nanowatts  is  required  to  reach  the 
threshold  SNR. 

This  plot  is  used  to  determine  the  return  power  necessary  to  aclueve  a  specified 
threshold  SNR,  defined  to  be  the  minimum  SNR  at  ndiich  a  return  signal  can  be  reliably 
discemed  from  the  noise.  The  threshold  SNR  has  been  chosen  to  give  a  high  probability  of 
detection  for  normal  values  of  the  probability  of  fidse  alaim.^^  From  Figure  6,  the 
miniinum  detectable  return  signal  for  direa  detection  without  the  fiber  amplifier  for  the 
chosen  threshold  SNR  of  6  is  0.263  luuiowatts.  This  will  be  compared  to  the  value  for 
direct  detection  with  the  fiber  amplifi^,  derived  in  the  foOowing  section. 
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TABLE  1:  List  of  Variable  VahMS  for  mc  m  Sigul  to  Noise  Ratio 
Eqnatioas.  This  table  descrSies  and  quantifies  the  varirides  used  in 
evaluating  the  signal  to  noise  ratio  equati(»s.  Att  variables  common  to 
both  the  direct  and  heterodyne  deteriion  equaticms  are  in  the  top  section, 
while  the  variaUes  distinct  to  eifiier  direct  or  heterodyne  detection  fisQow 
separatdy. 


Common  Variables 

V 

-  Optical  power  center  frequency  (1.064  microns) 

-  2.82x10“  Hz 

6v 

-  Spectrum  analyzer  resolution  bandwidth 

»  lOHz 

Bo 

-  Equivalent  optical  passbandofthe  4  nm  filter 

»  107x10“  Hz 

h 

-  Plmck's  constant 

=  6.626x10*“  J  sec 

G 

-  Fiber  amplifier  power  gain 

-  158 

Rtrans 

-  Int^rated  amplifier  transinqiedance 

=  5900  0 

Bsa 

-  Spectmm  analyzer  input  impedance 

=  50  0 

91 

-  Detector  responsivity  (Lasertron  Detector) 

=  .704  A/Watt 

e 

-  Basic  electronic  charge 

=  1.6xlO-'*C 

Id 

-  Detector  dark  current  (Lasertron  Detector) 

=  2.9  nA 

k 

-  Boltzmann's  constant 

=  1.38x10*“  J/K 

T 

•  Temperature 

=  298  K 

Direct  Detection  Variables 

Pr 

•  Optical  return  signal  power  incident  on  the  detector 

=  0.4nWatts 

Pse 

•  Spontaneous  emission  power,  G  h  v  Bq 

=  17.5pWatts 

Pse,6v 

•  Incremental  spontaneous  emission  powo-,  h  v  8v 

=  1.7xlO-'‘W 

riopt,d 

-  Optical  efiBciency  between  fiber  anq)lifia-  and  detector 

=  0.56 

N 

-  Number  of  se-se  beat  components  at  2  kHz 

=  1.07x10" 

8a 

•  Analog  Modules  amplifier  voltage  gain 

=  1000 

Ra 

-  Analog  Modules  amplifier  input  inq)edance 

=  IMO 

Heterodyne  Detection  Variables 

Pr 

-  Optical  return  signal  power  incidem  on  the  detector 

=  8  X 10*“  Watts 

Pse 

•  Spontaneous  emission  power,  Tiopt,h  ^  It  v  Bq 

=  15.8  p.Watts 

Pse,5v 

-  Incremental  spontaneous  emission  power,  h  v  Sv 

=  1.5xl0-“W 

Plo 

-  Local  oscillator  power,  (near  detector  saturation  power) 

=  200pWatts 

riopt,h 

-  Optical  efiBciency  between  fiber  ampUfier  and  detector 

=  0.51 

8m 

-  Kfiteq  amplifier  voltage  gain 

=  1122 

D 

-  Voltage  (^der  efifect 

=  0.048 

Rm 

-  Miteq  amplifier  input  impedance 

=  500 

Nh_ 

-  Num^  of  se-se  beat  components  at  200  MHz 

=  L  05x10" 

Direct  DatMtiiHi  With  the  Fiber  Ampitfler 

?(»-  direct  detectkMi  with  the  fiber  amplifier,  the  return  signal  is  increased  by  an 
ofMical  power  gain  fiwtor  G.  This  gain  fiutor  dq;)ends  on  the  amount  of  pump  light 
absorbed  and  the  length  of  the  fiber.  the  SOO  mW  laser  diode  pung>,  measured  gains 
of  1  (ffl  per  meter  have  ben  adueved.  For  the  22  noeter  length  of  fiber  used  in  the 
experimental  woih,  the  22  dB  gain  corresponds  to  a  power  gain  fiictor  of  G  *  158.  Thus 
the  electrical  signal  power  fiar  direct  detectimi  with  the  fiber  amplifier,  (given  by  Equation 
4  for  direct  detection  without  the  fiber  amplifier),  is 

i - —  («) 


The  noise  terms  previously  discussed  do  not  change,  with  the  exception  of  the  shot 
noise  term.  The  shot  noise  is  larger  because  die  signal  power  is  now  increased  by  a  &ctor 
G  and  because  there  are  also  spontaneous  emission  photons  firom  the  fiber  amplifier 
incident  on  the  detector.  Nfodifying  Equatirm  10  accordingly,  the  detector  noise  plus 
electronic  amplifier  noise  now  becomes 


Mdiere  is  the  average  qxmtaneous  end^on  power  inddent  on  the  detector. 

In  general,  the  average  spontaneous  emission  power  is  dependent  on  the  number  of 
contributing  firee  ^wce  modes.  For  a  single  mode  fiber  amplifier,  the  ^ntaneous 
emission  power  propagating  throu^  the  fiber  is  limited  to  the  finction  of  emitted  photons 
coupled  into  the  single  propagating  mode  of  the  fiber.  The  amount  of  spontaneous 


+  2.0xl0-’W  ,(13) 


emisston  power  eoaitted  into  «  sm^  mode,  nd  tius  ooi^dea  sntc  die  inopegating  mode, 
is  given  by 


P.,=Gfci«,  ,  (14) 

where  h  is  Planck's  constant,  v  is  the  nominal  spontaneous  emission  fretpiency,  and  is 
the  <^cal  bandwiddi.  For  this  case,  v  »  2.82  x  10^^  is  taken  to  be  the  ban^Mss  fiber 
center  firequency,  correspondii^  to  a  wavelength  of  1.064  pm,  and  Bq  *  107  x  10^^  Hz 
is  the  bandwidth  of  the  fixir  nanometer  optical  bant^MSS  filter.  Note  that  as  previously 
mentioned,  the  sp<Mitaneous  endssion  fitxn  die  flier  anydifier  must  pass  through  the 
connector  air  ^ce  and  the  bam^iass  filter,  and  thus  the  qiontaneous  emission  power 
incident  on  the  detector  is  given  by 

K  =  ,  (15) 

where  j  is  the  fifty  sbc  percent  optical  efficiency  of  the  direct  detection  system  after 
the  fiber  anqriifier. 

For  reasons  similar  to  those  (fiscussed  prior  to  Equation  9,  the  c^cal  bandwidth 
of  the  spontaneous  emission  is  broken  into  small  fiequemy  intervals.  For  convenience,  the 
smallest  measurable  frequency  increment  is  dffined  to  be  the  resolution  bandwidth  of  the 
spectrum  analyzer.  The  power  in  a  sngle  frequency  component  is  thus  obtained  by 
replacii^  in  Equation  IS  with  the  spectrum  analyzer  resolution  bandwidth  Sv  to  yield 


(16) 


In  addhkm  to  the  increued  shot  ocm  in  Equation  13,  there  are  two  additional 
noise  terms  arising  as  a  result  of  ^ntaneous  enussion.  The  first  of  these  terms  arises  due 
to  beating  between  the  ^ntaneous  emission  and  the  return  signal,  while  tlw  second  arises 
due  to  the  ^xmtaneous  emission  beating  with  itself  both  of  which  result  fiom  the  square 
law  detection  of  optical  radiation 1 

The  spontaneous  emissioii-retum  rignal  beat  ndse  occurs  when  a  ^ntaneous 
entnssion  component  beats  widi  the  return  signal.  This  noise  is  manifest  at  a  firequency 
equal  to  the  separation  between  the  center  fi^ueiKy  of  the  return  signal  and  the  frequency 
of  the  spontaneous  emissitMi  noise  components.  The  spontaneous  emission-spoittaneous 
emission  beat  noise  occurs  between  two  spontaiteous  emission  conqmnents  of  dififerent 
frequendes.  A  detailed  analysis  of  the  beat  noises  due  to  ^ntaneous  ennssion  can  be 
found  in  ^pendix  A  of  reference  [3 1]. 

Only  the  portion  of  the  spontaneous  emission-return  signal  beat  noise  contributing 
to  the  SNR  at  the  rignal  modulation  fipequm^y  must  be  conridered.  This  portion  of  the 
beat  noise  occurs  when  spontaneous  emission  components  separated  by  +/-  2  kHz  from 
the  optical  frequency  of  the  return  signal  beat  with  the  return  rignal.  The  dectric  field 
incident  on  the  detector  from  the  return  signal  and  these  two  spontaneous  emission 
components  is 

E  =  oos(w.r)a,  +  ^2>^[cos((ffl,  -  2;^)f  +  O., +  cos((a>.  +  2;^)r  +  <!>*,  )*»,]  ,(17) 

where  f  ’‘2  kHz  is  dm  signal  modulation  frequency,  <bf  and  (P.f  are  the  random  phases 
for  the  respective  spontaneous  emission  components,  is  the  spontaneous  emission 

power  in  one  10  Hz  frequency  component,  d,.  is  the  linear  polarization  of  the  return  signal, 
b.y  and  are  the  random  polarizations  of  the  two  spontaneous  emission  components, 

and  oi>o  »  2n- 2.82  x  lO'^  is  the  angular  frequoicy  of  the  return  signal.  Recall  now  that 


the  detector  cwrent  due  to  an  electric  field  ia  equal  to  the  reapouMty  of  die  detector 
nwhiplied  by  die  squared  electik  field  vecton  auehdiat 

I  *«(£)*  (H) 

When  Equation  17  is  substituted  into  Equation  18,  two  2  kHz  beat  noise  current  terms 
arise  from  the  beating  between  the  spontaneous  emisskm  and  the  return  signal.  These 
terms  are  manipulated  using  trigonometric  idenddes,  resulditg  in  the  return  signal- 
spontaneous  emission  beat  noise  current,  i _ 

=  +  +cos(-2;^  +  *,)^,]  ,  (19) 

where  ^.f  and  are  random  efiSdency  terms  (i.e.  0  £  ^  1)  arising  due  to  the 

polarizadon  mixing  of  the  two  fields.  It  is  important  to  note  that  the  signal  bandwidth  is 
assumed  to  be  less  than  or  equal  to  10  Hz  fisr  this  analyds.  If  the  source  has  a  bandwidth 
larger  than  the  assumed  10  Hz,  the  signal  power  will  be  divided  into  a  nuihber  of  10  Hz 
components.  Each  of  these  signal  components  wiH  mix  with  spontaneous  emission 
components,  resuldiig  in  a  number  of  beat  noise  terms  at  any  frequency  (i.e.  2  kHz  fijr 
direct  detecdon  or  200  MHz  for  heto'odyne  detecdon).  The  total  number  of  return  signal- 
spontaneous  emisdon  beat  noise  terms  at  that  fiequoicy  will  be  larger,  but  the  magnitude 
of  each  term  wiH  be  smaller.  The  sum  of  these  terms  results  in  a  total  beat  noise  term 
having  the  same  magnitude  as  given  in  Equation  19,  which  assumed  a  narrowband  source. 

As  for  the  spontaneous  emisdon-spontaneous  endsdon  beat  noise,  the  electric 
fidds  due  to  all  spontaneous  emisdon  components  must  be  conddered,  with  any  pair  of 
components  separated  by  2  kHz  contributing  to  the  SNR  noise  terms  at  2  kHz.  The 
spontaneous  emisdon  dectric  fidd  is  represented  by  a  summation  of  components,^  ^  each 
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of  which  is  sqMurated  by  the  resohidon  bandwidth  of  the  q>ectniin  analyzer,  5v  -  10  Hz, 
from  its  nearest  neigUmring  frequency  component.  That  is, 

=  Z  «>s[(<»-  +  2  ftkSv)t  +  ]b,  ,  (20) 

km-U 


where  -M  and  M  deagnate  spontaneous  emission  frequency  components  at  the  edges  of 
the  4  nanometer  (B„  =  1.07  x  10'^ /b)  bandpass  filter.  To  arrive  at  the  corresponding 
noise  currmit,  the  squared  is  multiplied  by  the  re^navity  of  the  detector.  When  the 
summation  of  Equation  20  is  squared,  the  cross  terms  give  rise  to  the  spontaneous 
emission  -  spontaneous  emission  beat  noise  current,  though  only  those  beat  terms  affecting 
the  SNR  at  2  kHz  are  considered.  This  current  is  then  written  as  a  summation  of  those 
terms  beating  at  2  kHz,  to  yield 

)'»'/]  .  (21) 


where  <I>j  is  the  random  phase  of  each  beat  component,  Tj  is  a  term  which  takes  into 
account  the  polarization  mixing  efiBciency  and  N  is  the  number  of  spontaneous  emission 
beat  terms  at  2  kHz.  The  optical  bandwidth,  =  1.07  x  10'^ Hz,  ctmtains  1.07  x  10"  of  0 

the  10  Hz  frequency  increments,  and  there  are  200  frequency  increments  in  the  2  kHz 
band.  The  total  number  of  components  separated  by  2  kHz,  and  thus  the  number  beating 
at  that  firequoicy,  is  obtained  by  AT  =  1. 07  x  10"  -  200  » 1.07  x  10" .  # 

The  beat  noise  currents  given  by  Equations  19  and  21  are  then  aiudyzed  through 
the  transimpedance  amplifier,  the  electronic  amplifier  and  the  spectrum  analyzer,  resulting 
in  • 


A 


1 
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=  \ -  - ^  =  — GPA 

As*  ^ 


(22) 


for  the  return  signal-spontaneous  emission  and  spontaiMous  emission-^ntaneous 
emission  beat  noise  power  terms,  respecdvety.  ^ 

Adding  the  beat  itoise  terms  from  Equations  22  and  23  to  the  detector  noises  from 
Equation  13  and  including  the  signal  power  from  Equation  12,  the  signal  to  noise  ratio, 
SNR^„,  for  direct  detection  whh  the  fiber  aniplifier  is 


*  I 


•  r2 


N2 


+r, 


(^.O  A,+/?«  -2.0x10-»1F 


.  (24) 


where 


A.=2«(#v)iR(^G[4]+f,) 

^k{Sv)T 
+2e{S^^I^  H — — 

+<R‘GP,P.„+(«/U)’jV 


Figure  7,  a  plot  of  SNR  vs.  return  signal  power  for  Equation  24,  shows  that  the 
optical  signal  power  required  to  reach  the  threshold  SNR  of  6  is  2.06  picowatts.  (The 
values  used  in  plotting  Equation  23  can  be  found  by  refisrring  to  Table  1 .) 


FIGURE  7:  Direct  D^ection  Signal  to  Noise  Ratio  vs.  R^m  Signal 
Power  for  Detection  With  the  Fiber  Preamplifier.  Equation  23  was 
used  to  plot  the  SNR  as  a  fiinction  of  return  ugnal  power  for  direct 
detection  with  the  fiber  amplifier.  A  return  signal  power  of  2.06  picowatts 
is  required  to  reach  the  threshold  SNR. 
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The  value  found  usmg  Figure  7  is  21.0  dB  smaller  than  the  power  required  to  reach  the 

threshold  for  direct  detection  without  the  fiber  amplifier,  thus  showing  a  significant  • 

increase  in  sensitivity  obtained  by  adding  the  fiber  amplifier  to  the  direct  detection 

system.32  Next  Chapter  4  compares  the  sensitivity  of  the  heterodyne  detection  scheme 

with  and  without  the  fiber  amplifier.  • 
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CHAFllKIV 

SIGNAL  TO  NOISE  RATIO  THEORY  FOR  HETERODYNE  DETECTION 


This  chapter  provides  a  theoretical  analyas  of  the  SNR  for  heterodyne  detection,  both 
with  and  without  the  fiber  preamplifier  included.  As  shown,  an  additional  noise  term  must 
be  accounted  for  due  to  beating  effects  between  the  local  oscillator  and  spontaneous 
emission  fields.  As  a  result  of  this  new  noise  tenn,  the  sensitivity  gains  when  uang  the 
fiber  preamplifier  in  a  heterodyne  ladar  system  are  not  as  dramatic  as  those  achieved  for 
the  direct  detection  case. 

4.1  Heterodyne  Detection  Without  the  Fiber  Amplifier 

The  detection  electronics  are  again  given  in  Figure  S.  The  detector  package  is  the 
same  as  used  for  direct  detection,  but  a  higher  fiequency  dectronic  amplifier  must  be  used 
to  ensure  amplification  of  the  200  MHz  IF  signal.  The  amplifier  chosen  is  a  Mheq  AU- 
4A-0150  amplifier,  with  a  SO  Ohm  input  impedance,  a  power  gain  of  61  dB  and  an 
amplification  bandwidth  from  1  MHz  to  500  MHz. 

Recall,  in  a  heterodyne  detection  scheme,  a  local  oscillator  is  mixed  with  the  return 
signal  to  improve  receiver  sensitivity.  For  the  test  ^em  being  considered,  the  local 
oscillator  is  fiequency  shifted  by  an  amount  A  =  200  MHz.  Referring  back  to  Figure  4, 
the  local  oscillator  and  return  signal  mix  at  the  photodetector,  resulting  in  two  DC  curroit 
terms  and  one  beat  term  oscillating  at  the  200  MHz  intermediate  frequency  (IF).  Without 
the  fiber  amplifier  in  place,  the  IF  current  term,  is  written  as 
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iiF  =  91(2  cos(2  jiAt))  (26) 

After  the  integrated  current  to  voltage  preamplifier,  the  IF  signal  at  node  B  of  Figure  5 
becomes 


ViF  =  =  29U^  V^cos(2nAr)  (27) 


For  this  detection  scheme,  the  input  impedance  of  the  Miteq  amplifier  is  not  large  enough 
to  neglect  voltage  division  with  respect  to  the  975  O  safety  load  resistance.  The  actual 
voltage  seen  by  the  amplifier  at  node  C  is  thus  reduced  by  a  factor  D,  given  as 


Z)  = 


SOfl 

975n+50fi 


0.048 


(28) 


The  gain  fi^om  the  Miteq  amplifier  is  a  power  gain  of  61  dB,  corresponding  to  a  voltage 
gain  of  g  =  g,,  =  1 122 .  The  voltage  after  the  amplifier,  at  node  D,  is  thus 

\ 

.  (29) 

while  the  spectrum  analyzer  sees  the  following  power  level,  centered  at  200  MHz 

^  (W> 

“  It - K 


(30) 
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The  derivation  of  the  noise  power  levd  for  the  heterodyne  detection  case  without 
the  fiber  anq)lifier  is  very  i^milar  to  the  derivation  used  to  obtain  Equation  10.  The  noise 
power  levdl  for  heterodyne  detection  without  the  amplifier,  ,  is  then 


rv3  = 


+  6.3xl0-'*W  ,(31) 


where  the  electronic  amplifier  noise,  measured  for  the  Mheq  amplifier  by  the  same  method 
as  for  the  Analog  Modules  amplifier,  was  determined  to  be  6.3  x  10"'^  W.  In  comparison 
to  Equation  10,  a  shot  noise  term  due  to  local  oscillator  power  has  been  added,  and  a 

foctor  of  2  multiplying  the  total  shot  noise  t«m  has  been  included,  as  the  outgoing  signal 
is  no  longer  chopped  (see  Equations  4  and  5).  Also,  the  voltage  divider  effect  D  has  been 
included. 

For  the  heterodyne  detection  case  without  the  fiber  amplifier,  it  is  convenient  to 
note  the  limiting  noises  of  the  detection  scheme.  With  a  measured  local  oscillator  power 
of  200  microwatts,  the  various  noise  terms  can  be  evaluated  to  show  that  the  local 
oscillator  shot  noise  dominates  the  other  noise  foctors  by  almost  10  dB,  thus  ensuring 
local  oscillator  shot  noise  limited  detection.  The  noise  power,  under  this  limiting  case, 
then  becomes 


X 


■u 


(32) 


Taking  the  ratio  of  Equations  3 1  and  32  yidds  the  signal  to  noise  ratio,  SNR^  ^/^, 


for  heterodyne  detection  without  the  fiber  amplifier,  given  as 


A_ t 


4 . . A- t. 
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P.P„ 

‘r,. 


(M) 


Figure  8  is  the  plot  of  SNR  vs.  return  signal  power  from  Equation  33,  again  u^g  the 
parameters  found  in  Table  1.  From  Figure  8,  1.S4  x  10~'^  Watts  of  return  signal  power 
are  required  to  reach  the  SNR  threshold  of  6. 


FIGURE  8:  Heterodyne  Detection  Signal  to  Noise  Ratio  vs.  Return 
Signal  Power  for  Detection  Without  the  Fiber  Preamplifier.  The  plot 
shows  the  signal  to  noise  ratio  as  a  function  of  return  ngnal  power  for 
heterodyne  detection,  without  the  fiber  amplifier,  using  Equation  33.  A 
return  signal  power  of  1. 54  x  10~”  Watts  is  required  to  reach  the  threshold 
SNR. 
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4^  Hctarodyac  DcCcctioB  With  the  Flbar  Ai^iUfier 

For  heterodyne  detection  with  the  fiber  in  place,  the  return  signal  is 

increased  by  the  power  gain  fiutor  G.  The  total  dectric  fidd  incident  on  the  detector  is 
composed  of  the  amplified  return  signal,  the  local  oscillator  and  the  ^ntaneous  emission. 

The  IF  signal  power,  ^ven  by  Equation  30  for  heterodyne  detection  without  the 
fiber  amplifier,  becomes 


r 


n  ~ 


2{g^D9{R^yGP,P^ 


(34) 


The  detector  and  dectronic  noise  power  levd  for  detection  with  the  fiber  amplifier 
is  similar  to  Equation  31.  However,  the  return  agnal  power  is  increased  by  G  in  the 
heterodyne  shot  noise  term,  and  the  spontaneous  emission  power  adds  another  component 
to  the  shot  noise  term.  The  dectronic  and  detector  noise  power  levd  is  thus 

ig„DR^ff2e{Sv)9liGP,-i-P^+Pj-t-2eiSv)I, 

^  %6.3xlO-'^W  (35) 


For  the  heterodyne  case,  three  ^ntaneous  emission  beat  noise  terms  must  be 
added  to  Equation  3S.  For  heterodyne  detection,  the  spontaneous  emisaon  out  of  the 
fiber  amplifier  passes  through  the  connector  air  splice,  the  bandpass  filter  and  the 
evanescent  wave  coupler.  The  spontaneous  emission  power  is  therefore  calculated  using 

^opt,h  Equations  15  and  16,  giving  15.8  ^Watts  and  1.5  x  10"'*  Watts  for  Pge  and 
Pse,5v  »  respectively.  The  first  beat  noise  term  is  the  return  signal-spontaneous  emission 

beat  noise,  given  by 


34 


2GP,P^^ 


{3f) 


where  there  is  a  &ctor  of  two  difiference  between  this  equation  and  the  return  signal- 
spontaneous  emission  beat  noise  of  Equation  22.  This  &ctor  arises  because  the  »gnal 
power  is  not  chopped  for  heterodyne  detection  as  it  is  for  direct  detection.  The  second 
term  is  the  local  osdllator-^ntaneous  emission  beat  noise  term,  vtdiich  has  the  same  form 
as  the  return  signal-^ntaneous  emission  beat  noise  with  the  local  oscillator  power,  P|o, 
substituted  for  GPf,  giving 


(37) 


The  third  term  is  the  spontaneous  omission-spontaneous  emission  beat  noise  term,  given 
by 


^SA 


(38) 


where  N]|  represents  the  number  of  beat  noise  terms  at  200  MHz.  This  number  is 
calculated  amilarty  to  the  discussion  proceeding  Equation  21,  where  again  there  are 
1. 07  X 10"  incremental  frequency  componoits  in  Bq  and  2. 00  x  10'  of  the  components  in 
the  200  MHz  band.  The  total  number  of  terms  beating  at  200  MHz  is  obtained  by 
iV=  1.07x10"  -2.00x10*  *1.07x10".  The  total  beat  nmse  is  thus  given  as 


(39) 
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The  SNR  for  heterodyne  detection  with  the  fiber  an|)lifiier  is  obtained  fixm  Equations  34, 
3S  and  39  to  yidd 


_ las _ 

i(t.D»K^yarA 


where 


A,=24SvMGP,+P^+PJ 

./cw  4ifc(«jv)r 

+2e{Sv)l,  + 

+29l*GP,P^^  +29l*Pfc,P^ 


(40) 


(41) 


IHgure  9  shows  the  SNR  vs.  return  signal  power  for  heterodyne  detection  with  the 
fiber  amplifier  fi’om  Equation  40,  using  the  values  found  in  Table  1.  The  return  signal 
power  required  to  reach  the  threshold  SNR  is  6.0  x  10'”  Watts»  giving  an  increase  in  the 
sensitivity  of  the  heterodyne  detection  system  of  only  4.0  dB  with  the  fiber  amplifier 
added.  At  this  point  it  is  inq>oitant  to  carefiiUy  examine  this  result,  as  the  dasacal  result 
of  uang  optical  amplification  in  a  heterodyne  detection  sdieme  is  an  increase  of  one  over 
the  quantum  efficiency  of  the  detector.^^  This  chapter's  andysis  appears  to  contradict  this 
result,  before  a  careful  examination  of  the  iq>propriate  assunqrtions.  In  a  heterodym 
detection  system,  a  fiber  amplifier  compensates  for  any  losses  after  the  fiber  amplifier. 
The  clasdcal  derivation  assumes  no  losses  between  the  optical  anq)lifier  and  the  detector, 
so  the  only  soisitivity  increase  gained  in  adding  a  fiber  amplifier  is  due  to  detector 


o 


# 

# 


FIGURE  9:  HeterodyHe  Detection  S^nnl  to  Noise  Ratio  vs.  Return 
Signal  Power  for  Detection  With  the  Fiber  Preamplifier.  Equation  40 
was  used  to  plot  the  SNR  as  a  function  of  return  sifful  power  for  direct 

detection  with  the  fiber  amplifier.  A  return  agnal  power  of  6.0  x  10*'*  •  f 

Watts  is  required  to  reach  the  threshold  SNR. 


inefficiency.  For  the  ladar  testbed  system  used,  however,  there  is  an  additional  optical  loss 

after  the  fiber  amplifier  of  tiopt,h-  Including  this  inefficiency,  the  sensitivity  increase  is 
10log(y(t7)(t7^j^))  =  4.0<ffi.  If  the  optical  losses  are  absent,  the  resulting  increase 

tq>proaches  the  classical  resuft.  Therefore,  very  little  increase  in  sensitivity  can  be 
achieved  by  the  addition  of  a  fiber  amplifier  to  an  ideal  heterodyne  detection  scheme. 
Chapter  S  examiim  the  experimental  measuremoits  to  be  taken,  and  uses  the  equations 
fi'om  Chapters  3  and  4  to  derive  SNR  improvement  predictions  for  the  experimoital  work. 


. * .  •  •  .  •  •  • .  •  • 


CHAPIZRV 

PREDICTION  OF  SIGNAL  TO  NOISE  RATIO  INCREASES 


The  signal  to  noise  ratio  equations  derived  in  Chapters  3  and  4  were  used  to  determine  the 
sensitivity  increase  for  direct  detection  and  heterodyne  detection  with  the  fiber  anq>lifier. 
The  experimoits  done,  however,  wiU  give  a  measurcooent  of  the  signal  to  noise  ratio 
increase,  not  a  sensitivity  increase.  In  this  cluqjter,  the  equations  fi'om  the  sensitivity 
analysis  are  used  to  predict  the  SNR  increases  for  ladar  detection  with  a  fiber  amplifier 
included.  The  various  signal  and  noise  terms  are  quantified  numerically  to  give  the 
prediaed  signal  to  noise  ratios  in  dB,  usii^  the  values  fi>r  all  parameters  given  previously 
in  Table  1. 


5.1  Direct  Dctectkm  SNR 

From  Chapter  3,  the  signal  to  noise  ratio  for  direct  detection  without  the  fiber 
amplifier,  SNR^^^/o,  exfMessed  in  terms  of  dectrical  power  is  given  as 


sm. 


(42) 


where  Ffi  is  the  dectrical  signd  power,  Fgiqi  is  the  shot  ndse  power,  Fj^^c  ^ 
curroit  noise  power,  Ftijenn  is  the  thermal  noise  power  and  Fg^  is  the  dectronic  amplifio- 
noise  power. 


temperature  in  Kelvin.  Note  that  the  electronic  anq^ifier  nmae  power  of  Equation  42  is  a 
measured  vahie.  To  perform  this  measurement,  the  electrontc  anq>lifier  uqxit  was 
disconnected  from  the  dttector  package,  and  the  mitput  was  measured  on  the  ^>ectium 
analyzer,  resulting  in  a  measured  anq>lifier  nc^  value  of 

r^=2.0xl0-*W  (48) 

As  seen  then  from  Equations  45  -  48,  the  measured  dectromc  anq>]ifier  noise  levd  of 
2  X 10*^  W  or  -57  dBm,  is  much  larger  than  the  other  noise  terms,  thus  allowing  Equation 
42  to  be  evaluated  as  follows 

.  (49) 

Similar  to  Equation  42,  the  signal  to  noise  ratio  for  direct  detection  with  the  fiber 
amplifier, 


SNR^^  — 


■  SN2 


+r, 


(50) 


where  ri-2  is  the  signal  power,  rsN2  ‘s  shot  noise  power,  Fn^r-se  **  return  dgnal- 
spontaneous  emission  beat  noise  power,  is  the  spontaneous  emission-spontaneous 

emission  beat  noise  power  and  F^^  is  the  electronic  amplifier  noise  power.  Specifically, 
these  terms  are 


(SI) 
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P  —  _ 


r  = 


(g.KJ’{»’ap,p.j,) 


r^« = - s - ^ 


r^=2.0xl0-’W  ,  (55) 

who-e  the  new  terms  in  these  equations  are  the  fiber  amplifier  gain,  G,  the  total 
spontaneous  emission  power,  Pj^,  the  incremental  spontaneous  emisiuon  power,  Pse,5v> 

and  N,  the  number  of  spontaneous  emission  toms  beating  at  the  2  kHz  chopper  firequency 
within  the  equivalent  bandwidth  of  the  4  nm  optical  band  pass  filter. 

Using  the  prevdously  determined  1  dB/m  small  signal  gain  of  the  Rutgers  fiber,  the 
22  m  length  of  fiber  used  in  the  experiment  gives  approximately  22  dB  of  gain,  or  G  = 
158.  With  this  length  of  fiber  and  this  gain,  the  spontaneous  emission  power  incident  on 
the  detector  after  the  air  ^lice  and  optical  bandpass  filter  (fiom  Equation  15)  is 

P^  =  Tj,p.^GhvB,  =  n.5MW  (56) 


U^g  the  optical  signal  power,  the  spontaneous  emisaon  power  and  the  fiber  amplifier 
gain,  the  shot  noise  power  T calculated  firom  Equation  52  to  be 
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r^j  =2.7«xlO-"lF  (57) 

The  incremental  spontaneous  emission  power,  from  Equation  16,  is  calculated  to  be 

=  rio^^GhvSv=  1.7  x  10-“  (5S) 

^n,r-se  determined  to  be 

=3.61x10'"  IF  .  (59) 

while  the  spontaneous  emission-spontaneous  emission  beat  noise  term,  r^se-se>  found 
to  be 

r,.-«  =  *05xI0-’ir  .  (60) 

thus  giving  a  total  noise  level  for  direct  detection  with  the  fiber  amplifier  of 

r^=r^2+r_,.+r_^+r^  =  3.ixio-’iF  (6i) 


This  corresponds  to  a  noise  level  of  -55.1  dBm. 

The  predicted  SNR  for  direct  detection  with  the  fiber  amplifier  is  then  found  by 
substituting  Equations  1 1  and  21  into  Equation  10,  giving 


SNR 


=  Ik  = 


6.9x10^ 
3.1  X  lO-® 


=  222581 


(62) 


42 


which  correqwnds  to  a  SNR  of  S3.S  dB.  The  {Mooted  direct  detection  increase  in  signal 
to  noise  ratio,  A^,  can  then  be  obtained  by  subtracting  (in  dB)  the  SNR  without  the  fiber 

amplifier  firom  the  predicted  increase  with  the  fiber  amplifier,  giving 

Aj  =53.5uB-11.5dB 
=  42.0aB 


5.2  Heterodyne  detection  SNR 

For  heterodyne  detection  without  the  fiber  amplifier,  the  SNR  equation, 
SNRhet,w/o.  is  given  by 

,  (64) 


where  Fipa  is  the  intermediate  frequency  (IF)  electrical  signal  power  and  is  the 
local  oscillator  shot  noise  power,  where  we  assume  that  the  local  oscillator  power  has 
been  increased  until  the  LO  shot  noise  term  dominates  all  other  noises.  From  Chapter  4,  • 

these  terms  are  given  by 


R 


PrPu> 


•SA 


(65) 


and 


2«(#v)!RP. 


'SA 


(66) 


i 


J 
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The  IF  eiectrical  signal  power  for  heterodyne  detection  without  the  fiber  amplifio-  was 
measured  (see  Figure  12)  to  be  -55  dBm,  or  3.2  x  lO*®  W.  This  allows  the  received 
optical  power  for  heterodyne  detection,  Pf,  to  be  calculated  firom  Equation  65,  yielding 


P.  = 


=  8.0x10-'*  FT 


(67) 


This  value  for  Pj-  is  used  to  predict  the  signal  to  noise  ratio  for  heterodyne  detection  with 
the  fiber  amplifier. 

Continuing  our  analysis  for  hettfodyne  detection  without  the  fiber  amplifier, 
however,  the  local  oscillator  shot  noise  power,  r§]i|3,  was  calculated  fi^m  Equation  66  to 
be 

r^3  =9.15xl0-‘*»^  ,  (68) 

corresponding  to  a  noise  level  of  -90.1  dBm.  This  value  is  approximately  10  dB  larger 
than  the  electronic  noise  fi'om  the  Miteq  amplifier,  which  was  measured  to  be  6.4  x  10''^ 
W,  or  -101.9  dBm,  thus  verifying  that  our  heterodyne  detection  system  was  mdeed  local 
oscillator  shot  noise  limited.  The  predicted  SNR  for  heterodyne  detection  without  the 
fiber  amplifier  is  therefore 

=  3238.8  (35.0dB)  (69) 


We  now  consider  the  case  of  heterodyne  detection  with  the  fiber  amplifier,  where 
the  signal  to  noise  ratio  equation,  is  given  by 
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where  rjpi,  is  the  amplified  IF  signal  power,  rsi^4  is  the  shot  noise  term  whoi  the  fiber 
amplifier  is  included,  Fn^r-se  return  signal-spontaneous  emisaon  beat  noise  power, 
^n,lo-se  oscillator-spontaneous  emission  beat  noise  power,  and  rQ^s(.3e  is  the 

spontaneous  emission-spontaneous  emission  beat  noise  power.  From  Chapter  4,  these 
terms  are  as  follows; 


r  = 

*  rn.  “ 


GP.P^ 


r»4  =  2e{sm{Pu. + ) 


2^'aPrP.j. 

^SA 


(3tp.J’  jv, 


where  is  the  number  of  spontaneous  emission  components  beating  together  at  the 
heterodyne  fi-equency.  (See  Table  1) 
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Using  Eqintion  73,  the  rebun  signal-spcmtaneous  cmissUm  noise  is  cakuleted  to 


be 


r^^=7.66xl0-'*fr 


(76) 


Similaily,  using  Equation  74,  the  local  osdllator>spontaneous  endsston  beat  noise  is  found 
to  be 


6-06x10-"  FT 


(77) 


while  the  spontaneous  emission-spontaneous  emisaon  beat  noise  from  Equation  75  is 
found  to  be 


r^-«=2.44xI0-“lF 


(78) 


thus  giving  a  total  noise  level,  F^q,  of 

r„  =  r„,+r_+r^,+r _ =6.4xio-'Bl-7i.9d»i»)  .  (?») 

The  predicted  signal  to  noise  ratio  for  heterodyne  detection  with  the  fiber  amplifier 
is  then  found  by  substituting  Equations  71  and  79  into  Equation  70,  giving 


SNR^  — 


in 


^SN4  "*■  ■*"  6.4  X  10 


5.06x1^^790^(39  0^) 


The  |H«dicted  SNR  increase  Sx  hetoodyne  detection  with  die  fiber  anqdifier,  A^,  is  then 
obtained  by  subtracting  (in  dB)  the  SNR  for  heto-odyne  detection  without  the  fiber 
amplifier  from  the  SNR  for  heterodyne  detection  with  tlM  fiber  amplifier,  giving 

A»=39.(kffl-35.0aB 

(81) 

=  4.0dB 


In  Ch^er  6,  the  experimental  data  is  givoi  and  compared  to  the  results  of  this  analysis. 


CHAPTER  VI 


EXPERIMENTAL  DATA 


In  tins  section  we  present  the  SNR  d«ta  we  have  taken  aui  make  comparisons  between 


our  measurements  and  the  predicted  values  finmd  in  the  previous  sections.  The  first  data 
taken  was  for  direct  detection  without  the  fiber  anq>lifier.  Figure  10  shows  the  q>ectium 
analyzer  display  for  this  case,  where  we  note  that  the  average  noise  level  is  -57  dBm, 
which  is  equal  to  the  measured  value  for  the  electronic  anq)lifier  (Analc^  Modules 


amplifier)  noise  discussed  in  Chapter  3. 


Figure  10  Experimental  Signal  to  Noise  Ratio  Data :  Direct  Driection 
Withont  the  Fiber  Preamplifier.  This  figure  shows  data  taken  fix)m  the 
spectrum  analyzer  for  direct  detection  without  the  fiber  amplifier  turned  on. 
The  direct  detection  signal  is  located  at  2  kHz.  The  noise  level  is  -S7.0 
dBm  and  the  signal  level  is  -4S.S  dBm,  giving  a  SNR  of  1  l.S  dB. 
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This  verifies  our  limiting  noise  assun^on  for  direct  detection  without  the  fiber  amplifier. 
Also,  the  signal  level  in  Figure  10  is  seen  to  be  <45.5  dBm,  i^diich  is  the  value  used  in 
Equation  44  to  calculate  the  optical  return  signal  power.  The  measured  SNR  is  thus 
11.5  dB. 

Figure  11  is  a  plot  of  the  signal  and  noise  for  direct  detection  with  the  fiber 
amplifier  turned  on.  The  electrical  signal  power  levd  is  seen  to  be  -1.1  dBm,  vidiile  the 
noise  level  is  -49. 1  dBm,  giving  an  experimental  SNR  of  48.0  dB. 


Figure  11  Experimental  Signal  to  Noise  Ratio  Data :  Direct  Detection 
With  the  Fiber  Preamplifier.  Hus  figure  diows  data  taken  fi'om  the 
spectrum  analyzer  for  direct  detection  with  the  fiber  amplifier.  The  direct 
detection  signal  is  located  at  2  kHz.  The  noise  level  is  -48.6  dBm  and  the 
signal  level  is  -2.2  dBm,  giving  a  SNR  of  46.4  dB. 


The  experimental  increase  in  SNR  for  direct  detection  with  the  fiber  amplifier,  A^,  is  then 
obtained  by  subtracting  (in  dB)  the  SNR  without  the  fiber  amplifier  fi’om  the  SNR  with  the 
fiber  amplifier 
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=48.(k0-ll.S^ 
=  36.S<iB 


This  measured  SNR  iiKrease  is  5.S  dB  smaller  than  the  increase  of  42.0  predicted  in 
Section  S.l.  In  examining  the  error,  it  is  seen  diat  there  are  several  errors  inhoent  in  the 
^Msctium  analyzo'  used.  From  the  specifications  ^ven  in  the  operators  manual,  errors  in 
the  Display  Dynamic  Range  Accuracy,  RF  Attenuator  Range  Accuracy  and  IF  Gain  Range 
Accuracy  are  ±  2  dB,  ±1  dB  and  ±  2  dB,  respectivdy,  giving  a  possible  cumuladve  error 
of  ±  S  dB.  These  errors,  combined  with  small,  unavoidable  experimental  uncertainties,  can 
account  for  the  5.5  dB  difference  in  the  predicted  SNR  and  experimental  SNR. 

Next,  Figure  12  shows  the  Doppler  shifted  IF  agnal,  located  at  199.9982  MHz,  for 
heterodyne  detection  without  the  fiber  amplifi^. 


Frafmacr  (MNi) 


F^nre  12  Experimental  S^nai  to  Noise  Ratio  Data  :  Heterodyne 
Detection  Without  the  Fiber  PreampUfior.  This  figure  shows  data  taken 
fi-om  the  speemun  analyzer  finr  heterodyne  detection  without  the  fiber 
amplifier.  The  hetoodyne  detection  signal  is  located  at  199.9982  MHz. 
The  noise  level  is  -90.4  dBm  and  the  signal  levd  is  -55.0  dBm,  giving  a 
S'  .T.  of  36  dB. 


The  dectrical  signal  power  is  seen  to  be  -SS  dBm,  as  was  used  to  calculate  the  optical 
return  signal  in  Equation  67.  The  noise  levd  is  also  seen  to  be  -91  dBm,  which  is 
approximatdy  the  calculated  local  osdQator  shot  noise  power  descried  in  Section  3.2. 
These  values  give  a  SNR  of  36  dB  for  heterodyne  detection  without  the  fiber  amplifier. 

Figure  13  is  a  plot  of  the  signal  and  nmse  for  heterodyne  detection  with  the  fiber 
amplifier  turned  on.  The  dectrical  signal  power  level  is  -33  dBm,  while  the  noise  level  is 
-77  dBm,  giving  an  e}q)erimental  SNR  of  44  dB. 


Figure  13  Experimental  Signal  to  None  Ratio  Data  :  Heterodyne 
Detection-  With  the  Fiber  Preamplifier.  This  figure  shows  data  taken 
fi'om  the  q>ectrum  analyzer  for  Iwterodyne  detection  with  the  fiber 
amplifier.  The  heterodyne  detection  signal  is  located  at  199.9982  MHz. 

The  noise  level  is  at  -77.0  dBm  and  the  signal  level  is  -33.0  dBm,  giving  a 
SNR  of  44  dB. 

The  experimental  increase  in  SNR  for  heterodyne  detection  with  the  fiber  amplifier,  is 
obtained  by  subtracting  (in  dB)  the  SNR  without  the  fiber  amplifier  fi'om  the  SNR  with  the 
fiber  amplifier  to  yidd 
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^^  =  A4dB-^6dB 


The  measured  increue  in  SNR  is  4.0  dB  larger  than  the  predicted  increase  of  4.0  dB.  The 
±  S  dB  uncertainty  in  the  display  accuracy  of  the  spectrum  analyzer  is  again  sufiBcient  to 
account  for  the  difference  between  the  (nedicted  and  experimental  SNR  increases. 

In  comparing  the  direct  and  heterodyne  detection  results,  it  is  somewhat 
disconcerting  to  see  experimental  results  smaller  than  predicted  Bar  one  case  and  larger 
than  predicted  in  the  other.  This  result  is  caused  by  the  dijGferent  power  levels  used  by  the 
two  detection  schemes.  Specifically,  the  noise  and  anqrlified  signal  levds  for  the  direct 
detection  case  are  very  near  the  maximum  range  of  the  qrectrum  analyzer,  while  the 
heterodyne  detection  noise  floors  are  near  the  mininmm  sensitivity  level  of  the  q;>ectrum 
analyzer.  These  two  extremes  represent  the  difference  between  ±  5  dB  in  the  accuracy, 
and  it  is  reasonable  to  expect  the  experimental  differences  of  the  two  cases  to  have 
opposite  signs. 


v'BAPTERVn 

CONCLUSIONS  AND  RECOMMENDATIONS 


A  neodymhim  doped  optical  fiber  amplifier  has  bem  incorporated  into  a  solid  state  ladar 
test  bed  to  determine  its  efSect  on  the  sensitivity  and  signal  to  noise  ratio  of  the  system. 
The  design  incorporating  the  fiber  amplifier  imo  the  test  bed  was  described  in  detail,  and 
some  of  the  difficulties  in  implementing  this  were  noted.  A  theoretical  model  of  the 
dectrical  sgnal  and  noise  powers  were  devdoped  for  direct  detection  and  heterodyne 
detection.  These  equations  were  then  used  to  predict  the  senativity  increases  achieved  by 
adding  a  fiber  amplifier  to  each  detection  scheme.  These  same  equations  were  used  to 
predict  the  signal  to  noise  ratio  increases  that  would  be  seen  experimentally  by  adding  the 
fiber  amplifio’  to  the  system.  Measurements  were  then  taken  with  the  ladar  system  to 


verify  the  validity  of  the  theoretical  model. 

For  the  direct  detection  case,  the  meamred  SNR  increase  for  detection  with  the 
fiber  amplifier  was  36.S  dB,  vdiich  is  S.S  dB  less  than  the  predicted  increase  of  42.0  dB. 
For  heterodyne  detection,  the  measured  SNR  increase  is  8.0  dB,  which  is  4.0  dB  larger 
than  the  predicted  increase  of  4.0  dB. 

Further  wbik  in  this  area  is  recommended  to  examine  fiber  amplifier  performance 
in  true  ladar  fiinctions  such  as  ranging  and  target  detection.  This  includes  examining  the 
effect  of  the  fiber  amplifier  on  return  signals  resulting  fiom  a  pulsed  or  chirped  output. 
The  research  should  also  expand  into  eyesafis  wavelengths,  such  as  erbium  doped  fibers  at 
1.54  microns,  which  will  take  advantage  of  the  advanced  technology  driven  by  the 
communication  industry. 
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APPENDKA 

THE  DESCRIPnON  OF  PHOTON  NOISE  THROUGH  POISSON  STATISTICS 

This  cgnpendix  discusses  how  Poisson  statistics  may  be  used  to  describe  shot  noise  in  the 
photon  detection  process. 

In  describing  the  photon  detection  process,  the  detector  is  assumed  to  be  an  ideal 
photon  detector.  This  assumes  there  is  no  currait  firom  the  detector  in  the  absence  of 
incident  light  and  there  is  no  noise  from  detector  imperfections  or  the  detector  dectronics. 
The  light  incident  on  the  detector  is  laser  light,  which  has  constam  power  and  nearly 
monochromatic  light  of  frequency  v,  adding  no  noise  to  the  detection  process.  The  noise 
from  the  detection  process  is  considered  to  arise  from  a  randomness  m  the  emission  times 
of  photoelectrons  from  the  detector. 

Since  photon  detection  is  a  discrete  phyrical  process,  it  can  be  described  by 
Poisson  statistics.  For  Poisson  statistics  the  probability  distribution  function  Pj{n)  is 
defined  to  be  the  probability  n  photons  will  be  detected  in  a  sample  time  interval  of  T.  An 
important  quantity  in  the  Poisson  probability  distribution  function  is  (n),  the  average 
nund>er  of  photon  events  in  T.  This  quantity  is  arrived  at  by  taking  a  large  luimber  of  time 
samples  and  firuling  the  average  n .  The  Poisson  probability  distribution  function  is  given 
in  terms  of  n  and  (n)  by  Equation  A.  1  [1] 

=  A.1 


Figure  A.  1  is  a  plot  of  n  versus  Pf{n)  for  an  (n)  ^ven  to  be  10.  It  is  used  to  determine 
the  probability  n  photons  will  be  detected  in  any  interval  T. 
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Figure  A.1  A  plot  of  the  number  of  photons  versus  probability 
of  that  numba*  of  photons  being  detected  in  a  time  interval  T.  The 
plot  is  made  using  Equation  A.  1  with  an  <n>  of  10. 


Now  that  the  statistics  of  the  detection  process  have  been  expressed,  it  is  necessary  to  give 
the  definition  of  noise.  The  quantity  of  interest  is  the  variance,  defined  to  be  the  mean 
square  noise  level.  The  variance  of  any  process  can  be  calculated  firom  Equation  A.2  [^1 

=((/!- (n))*).  A.2 


Equation  A.2  can  be  simplified  to 

=  ((/I  -  )  =  (»^  -  2n(n) + {nf ) 

=  {n^)-(2n{n))+[{nf)  A.3 

For  a  Poisson  process.  Equation  A.3  can  be  used  to  show  the  variance  is  equal  to 
the  mean.  This  derivation,  fi-om  Boyd,  starts  with  the  alg^raic  identity 


n*  =n+«(«-l)- 


(ii")  =  (n+n(ii-l)) 

=  (n>+(n(ii-l)) 


Using  the  statistical  definition  of  (/i(n - 1)), 


(n(n  - 1))  =  X  “  l)i*r(») 


Equation  A.S  becomes 


jpiO 


The  n=^}  and  n»l  terms  of  the  summation  in  Equation  A.7  are  equal  to  zero 


and  the  n(n  - 1)  cancds  vdth  part  of  the  n!  to  give 


where  (n)^  has  been  pulled  out  of  the  summation.  By  making  the  change  of  variables 
m  =  n-2.  Equation  A.9  becomes 
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=  («)+<«>'S^r(^) 

iii«0 

-{n)Hnf 


A.10 


Substituting  this  into  Equation  A.3, 


o^={n^)-{n? 

=  (n^)  +  (n)-(n').  A.11 

=  (n) 


Therefore  the  variance  of  a  Poisson  process  is  equal  to  the  mean.[^] 

Equation  A.  1 1  gives  the  variance  in  t«ins  of  the  number  of  photons  detected,  but 
the  SNR  is  in  terms  of  mean  square  current.  Equation  A.  1 1  can  be  used  to  arrive  at  the 
current  variance  to  be  used  in  the  SNR  equation.  The  mean  squared  shot  noise  current 
from  the  detector  is  defined  as  the  variance  of  the  current  [^1 


=  '=((t-(i>)')  A.12 

where  i  is  the  current  in  any  time  interval,  given  by  the  number  of  photons  in  the  time 
interval  multiplied  by  the  charge  on  an  electron,  e ,  and  divided  by  the  time. 
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A.13 


In  Equation  A 12,  (i)  is  the  average  current  flow  per  time  interval  for  a  large  sampling. 
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Using  Equations  A.1 1,  A.  12,  A.13  and  A.14,  the  mean  square  shot  imise  current  is 


C=7(*>- 


Since  the  sample  time  is  equal  to  one  over  twice  the  effective  bandwidth,[^>^] 


7’  =  —, 
IB’ 


the  mean  square  shot  noise  current  becomes 


i^^=2eBj. 


This  analysis  has  shown  the  mean  square  shot  noise  is  proportional  to  the  number 
of  photons  incident  on  the  detector.  This  result  rees  with  the  physical  observation  that 
the  shot  noise  from  a  detector  increases  as  the  amount  of  incident  light  is  increased. 
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